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A b s t r a c t
Techniques involving the u s e of high-intensity s h o r t -d u r a t i o n light p u l s e s have b e e n applied t o the s t u d y of t h e kinetics of photoconductivity i n f i l m s of m e t a l -f r e e phthalocyanine. T h e s e e x p e r i m e n t s , i n conjunction with m e a s u r e m e n t s of s t e a d y -s t a t e photoconductivity, a r e c o n s i s t e n t with the following s c h e m e . The p r i n c i p a l r o u t e f o r t h e f o r m a t i o n of c h a r g e c a r r i e r s is v i a t h e f i r s t excited s i n g l e t s t a t e , although t h e lowest t r i p l e t s t a t e c a n , t o s o m e extent, contribute t o c h a r g e -c a r r i e r production. The mobility of t h e c a r r i e r s i s low and i s concentration-dependent, being lower a t higher c a r r i e r concentration. T h e d e c a y of the p h o t o c u r r e n t i s the r e s u l t of a diffusion-limited b i m o l e c u l a r recombination, with a c a p t u r e r a d i u s of a p p r o x i m a t e l y one m o l e c u l a r d i a m e t e r . T h e e x p e r i m e n t s indicate that c a r r i e r s p r o d u c e d t h e r m a l l y i n t h e d a r k do not i n t e r a c t with light-produced Introduction 1 P r e v i o u s w o r k f r o m t h i s l a b o r a t o r y h a s s u g g e s t e d t h a t t h e m e c h a n i s m of quantum c o n v e r s i o n i n photosynthesis involves p r o c e s s e s t h a t a r e c h a r a c t e r i s t i c of o r d e r e d a r r a y s of p i g m e n t m o l e c u l e s . F o r t h i s r e a s o n , i t h a s s e e m e d i m p o r t a n t t o investigate i n d e t a i l the e l e c t r o n i c p r o p e r t i e s of t h e s e s y s t e m s . F u r t h e r m o r e , i n v e s t i g a t i o n s of t h i s n a t u r e a r e of g r e a t i n t e r e s t i n t h e i r own r i g h t .
T h e g e n e r a l p r o p e r t i e s of o r g a n i c s e m i c o n d u c t o r s have r e c e n t l y b e e n r e v i e w e d b y G a r r e t t . 2 It is a p p a r e n t f r o m t h i s a r t i c l e t h a t , i n s p i t e of t h e l a r g e v o l u m e of i n f o r m a t i o n t h a t h a s b e e n a c c u m u l a t e d , l i t t l e i s known e i t h e r t h e o r e t i c a l l y o r e x p e r i m e n t a l l y about the f u n d a m e n t a l p r o c e s s e s of c h a r g e -c a r r i e r f o r m a t i o n and m i g r a t i o n i n t h e s e s y s t e m s . A l m o s t a l l the w o r k i n t h i s f i e l d h a s b e e n c o n c e r n e d w i t h s t e a d y -s t a t e conductivity p r o p e r t i e s a n d v e r y little attention h a s b e e n paid t o k i n e t i c s , although ~e l s o n 3 h a s conducted a s e r i e s of e x p e r i m e n t s on the k i n e t i c s of photoconductivity i n s o l i d cationic d y e s s u c h as b a s i c fuchsin, r h o d a m i n e B, and c r y s t a l violet. However, t h e s e ionic s y s t e m s i n m a n y w a y s a r e d i f f e r e n t f r o m t h e nonionic d y e s .
F o r t h e s e r e a s o n s w e f e l t t h a t a n i n v e s t i g a t i o n of the k i n e t i c s of photoconductivity i n nonionic dye m o l e c u l e s would b e of i n t e r e s t . M e t a lf r e e phthalocyanine w a s c h o s e n f o r t h e s t u d y r e p o r t e d h e r e b e c a n s e (a) i t s p r o p e r t i e s a p p e a r t o be t y p i c a l of t h i s c a s e of s u b s t a n c e s , (b) a g r e a t t~ s u b s t a n t i a l p a r t of the w o r k p r e s e n t e d i n t h i s p a p e r is the s u b j e c t of: David R . K e a r n s , E l e c t r i c and Magnetic P r o p e r t i e s of O r g a n i c M o l e c u l a r C r y s t a l s , P h . D. d i s s e r t a t i o n , U n i v e r s i t y of C a l i f o r~a , B e r k e l e y , California, 1959. ' p r e s e n t a d d r e s s : D e p a r t m e n t of C h e m i s t r y , U n i v e r s i t y of A r i z o n a , T u c s o n , A r i z o n a . 1 G . Tollin, P. B. Sogo, and M. Calvin, Ann. N. Y. Acad. Sci. -74, 310 (1958) .
-, --4-UCR L-88-43 m a n y e l e c t r i c a l m e a s u r e m e n t s have been p e r f o r m e d on i t , 4' and ( c ) i t s s t r u c t u r e corresponds t o the porphyrins, of which c l a s s chlorophyll i s a m e m b e r . With this in mind, techniques have been developed which p e r m i t the study of the kinetics of photoconductivity in solid organic dye m a t e r i a l s .
M a t e r i a l s and Methods
The m a t e r i a l used in the experiments was p r e p a r e d f r o m crude m e t a l -f r e e phthalocyanine (DuPont) b y vacuum sublimation in a muffle f u r n a c e . This yielded crystalline m a t e r i a l in the f o r m of needles 0.1 to 1 cm in length. The cell used f o r m o s t of the conductivity m e a s u r e m e n t s i s d i a g r a m m e d in Fig. 1 . Additional m e a s u r e m e n t s w e r e a l s o c a r r i e d out with a sandwich-type cell. The s a m p l e s w e r e applied t o the e l e c t r o d e s by another vacuum sublimation of the crystalline m a t e r i a l . Various ambient a t m o s p h e r e s ( a i r , 02, n a t u r a l g a s ) were used in the s u b h m a t i o n s , but the r e s u l t s appeared t o be independent of the gas used. Subsequent t o the sublimation of the sample, the e n t i r e cell was coated with a c l e a r a c r y l i c r e s i n . This coating s e r v e d m e r e l y a protective function and produced no changes i n any of the m e a s u r e d p r o p e r t i e s of the phthalocyanine. F o r the conductivity m e a s u r e m e n t s , the sample cell was mounted on one end of a copper r o d , the t e m p e r a t u r e of which could be v a r i e d . F o r m o s t of the measurements, field strengths of the o r d e r of 104v/cm were used. X -r a y diffraction indicated that the sublimed f i l m s of phthalocyanine w e r e essentially a m o r p h o u s , However, the f i l m s could be made m i c r o c r ystalline by annealing the e n t i r e c e l l at 270°C f o r s e v e r a l days under reduced n a t u r a l gas p r e s s u r e . The c r y s t a l s formed in this manner were about 1 m i c r o n in d i a m e t e r and :OF long.
F i g u r e 2 shows a block diagram of the apparatus used in t h e s e s t u d i e s . F o r kinetic studies, the samples w e r e Illuminated by a G e n e r a l E l e c t r i c F T -2 3 0 flashtube operated at 1500 with a load capacitance of 2 p f . This produced a light pulse with a 1 -&sec r i s e time which decayed t o about .lo% of i t s peak intensity in about 5psec. A standard t r i g g e r i n g s y s t e m was used. The calculated output of this lamp i s thus quanta per second p e r c m 2 , of which 10% m a y impringe on the sample.
Photocurrent generated in the sample by the light pulse was passed through a known r e s i s t a n c e with values ranging f r o m 1000 ohms t o 1 megokm, depending upon the experiment. The voltage developed a c r o s s t h i s r e s i s tance was f e d through a cathode follower and dc amplified (gain-2000) into the various recording devices. In this manner, it was possible t o meapure the d e c a y curve of the photocurrent f r~m about 10kse.c a f t e r flashing t o about 100 s e c , The photosignal itself w a s used t o tLigger the oscilloscope sweep and thcs it was also possible to observe the r i s e t i m e of the photoc u r r e n t .
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Block diagram of conductivity a p p a r a t u s .
F o r the m e a s u r e m e n t of a c t i o n s p e c t r a and s t e a d y -s t a t e photoconductivity, a Hanovia 800-watt xenon a r c l a m p o r a 500-watt t u n g s t e n f i l a m e n t p r o j e c t i o n l a m p and a B a u s c h a n d
In F i g 4, log p h o t o c u r r e n t (i) is plotted v s log t i m e ( t ) f o r d a t a obtained a t 2 3 b~ and a t -3 5 '~. F r o m t h e s e c u r v e s it is a p p a r e n t t h a t t h e c u r r e n t d e c a y f r o m s e v e r a l hundred m i c r o s e c o n d s t o s e v e r a l seconds obeys t h e r e l a t i o n
w h e r e e = e l e c t r o n i c c h a r g e and y = -1/2 a t 2 3 '~ a n d -0.43 a t -3 5 '~.
T h i s w a s t h e g e n e r a l r e s u l t f o r a l l the s a m p l e s s t u d i e d under a l l conditions, with y varying between -0.6 and -0.4.
The c u r v e s in F i g . 4 a l s o show a b r e a k at l o n g e r t i m e s ( g r e a t e r t h a n 1 s e c a t 23% and g r e a t e r t h a n 15 s e c a t -35OC) with y approaching -1.
If one r e p l o t s t h e long-time d a t a , it i s p o s s i b l e t o show t h a t t h e c u r v e s follow a b i m o l e c u l a r law,
(2
Such plots a r e shown i n F i g . 5 f o r both 2 3 '~ and -3 5 '~. T h u s , a t low c a r r i e r concentrations the c u r r e n t d e c a y is s t r i c t l y b i m o l e c u l a r , and a t higher c a r r i e r c o n c e n t r a t i o n s t h e c u r r e n t d e c a y i s s l o w e r t h a n b i m o l e c u l a r .
At the s h o r t e s t t i m e s (10 t o 100 p s e c ) , the c u r r e n t d e c a y s e v e n m o r e slowly than a t the longer t i m e s ( > l o 0 p s e c ) .
The d e c a y law a t low c u r r e n t i s p r e c i s e l y what one would expect f o r a p r o c e s s involving t h e r e c o m b i n a t i o n of oppositely c h a r g e d c a r r i e r s . The s l o w e r d e c a y at t h e higher c u r r e n t s m a y b e accounted f o r s i m p l y b y a s s u m i n g a concentration-dependent c h a r g e -c a r r i e r mobility, a n a l a g o u s t o what i s o b s e r v e d f o r ion m o b i l i t i e s i n solutions of high ionic s t r e n g t h . 6
'w. J. Moore, P h y s i c a l C h e m i s t r y ( P r e n t i c e -H a l l , New Y c r k , 1950) p . 45 1. 
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F i g . 4. Log photocurrent v e r s u s log time for a m e t a l -f r e e phthalocyanine sample a t room t e m p e r a t u r e and at -3 5 O~. F i g . 5 . 1/1 v e r s u s t for m e t a l -f r e e phthalocyanine at room t e m p e r a t u r e and -3 5 '~.
equation which a d e q u a t e l y e x p r e s s e s the t i m e dependence of the photoc u r r e n t a t a l l e x c e p t t h e v e r y e a r l i e s t t i m e s ( l e s s t h a n 100 p s e c ) . An e m p i r i c a l r e l a t i o n b e t w e e n c u r r e n t , I, a n d c a r r i e r c o n c e n t r a t i o n , n, w h i c h will lead t o a s a t i s f a c t o r y d e s c r i p t i o n of t h e e x p e r i m e n t a l r e s u l t s is w h e r e n = t o t a l c a r r i e r concentration = n + n , f -E = f i e l d s t r e n g t h , A = c r o s s -s e c t i o n a l a r e a of conducting m a t e r i a l ,
= a p p a r e n t a v e r a g e c a r r i e r m o b i l i t y a t a 1 -l / x (n 4-C ) p a r t i c u l a r value of n, and c and x a r e c o n s t a n t s f o r a given s a m p l e a n d t e m p e r a t u r e , c r e p r e s e n t i n g a c r
i t i c a l c o n c e n t r a t i o n of c a r r i e r s below which t h e m o b i l i t y i s c o n c e nt r a t i o n -independent.
A s s u m i n g a b i m o l e c u l a r r a t e law, 2 dn/dt = -K n , 3 w h e r e K = r a t e c o n s t a n t ( in units of c m / s e c c a r r i e r ) , one c a n d e r i v e t h e following equations. At n < < c: . t + c o n s t a n t .
F o r n >>c:
and, upon substitution i n e q . (4) and i n t e g r a t i o n , one obtains Po AE I --;cT7;;-. t -I x + c o n s t a n t .
T h u s , at low c a r r i e s c o n c e n t r a t i o n s , I should d e c a y a c c o r d i n g t o
Eq. (7) and a t high c a r r i e r c o n c e n t r a t i o n s a c c o r d i n g t o Eq. ( 9 ) , i n a g r e em e n t with expe r i m ent.
It is a l s o possible t o w r i t e equations f o r the s t e a d y -s t a t e photoconductivity. At the steady s t a t e , e q . (4) , i t i s a p p a r e n t that x = 2 u n d e r t h e s e conditions. T h u s , f o r t h i s s a m p l e , t h e s t e a d y -s t a t e p h o t o c u r r e n t should v a r y a s the f o u r t h root of the light i n t e n s i t y a t v e r y high light i n t e n s i t i e s , if the m e c h a n i s m proposed above i s c o r r e c t . That this 1s a p p r o x i m a t e l y the c a s e i s d e m o n s t r a t e d by F i g . 6 . T h e s e d a t a w e r e obtained b y focusing the unfiltered light f r o m t h e 800-watt xenon a r c lamp through a w a t e r b a t h onto the s a m p l e . Equation (12) p r e d i c t s that a t low light i n t e n s i t i e s t h e s t e a d y -s t a t e p h o t o c u r r e n t should v a r y a s the s q u a r e root of the Light intensity. That t h i s i s a p p r o x i m a t e l y s o is a l s o shown i n F i g . 6 .
It h a s b e e n observed, in c e l l s i n vrhich only s u r f a c e conductivity i s m e a s u r e d , that a t v e r y low light i n t e n s i t i e s the s t e a d y -s t a t e photocurrent h a s a r o u g h l y l i n e a r relationship t o t h e light intensity.
E v e n a t the lowest light i n t e n s i t i e s obtainable, t h i s b e h a v i o r i s not o b s e r v e d i n t h e s a m p l e s d e s c r i b e d h e r e i n . This o b s e r v a t i o n i s s i m i l a r t o t h e r e s u l t s found with sandwich-type c e l l s in which bulk p r o p e r t i e s a r e being m e a s u r e d . T h i s s u g g e s t s t h a t m e a s u r e m e n t s r e p o r t e d h e r e r e l a t e p r e d o m i n a n t l y t o bulk p r o p e r t i e s , which i s plausible i n view of t h e g e o m e t r y of t h e "surface" c e l l s used. ( s e e F i g . 1).
T h e f a c t t h a t photocurrent m a y be observed f o r s e v e r a l m i n u t e s a f t e r f l a s h illumination suggests a low mobility and that c a r r i F i g . 6 . Intensity dependence of m e t a l -f r e e phthalocyanine steady-st-ate photoconductivity.
b e diffusion-limited. T h e m a t h e m a t i c s of diffusion-limited r e a c t i o n s h a s b e e n t r e a t e d b y Waite. F o r a birnolecular diffusion-limited p r o c e s s , Waite d e r i v e s , f o r the r a t e law at low r e a c t a n t c o n c e n t r a t i o n s , t h e e x p r e s s i o n w h e r e r o = s e p a r a t i o n of r e a c t a n t s within which r e a c t i o n is rapid, but outside of which t h e r e i s e s s e n t f a 1 . i~ no m t e r a c t i o n c a p t u r e r a d i u s , 2 D = a v e r a g e diffusivity (in units of c m / s e c -c a r r i e r ) , K = b i m o l e c u l a r r a t e constant a s previousgy defined i n E q , (41, n = c o n c e n t r a t i o n of holes = c o n c e n t r a t i o n of e l e c t r o n s , T h e r e f o r e F r o m t h e E i n s t e i n equation , 9 w h e r e , f o r t h i s c a s e , kT .
This e q u a t i o n p e r m i t s the calculation of r f r o m e x p e r i m e n t a l d a t a . F o r 0 m e t a l -f r e e phthalocyanine a t r o o m t e m p e r a t u r e , r i s a p p r o x i m a t e l y 25 A (about one m o l e c u l a r d i a m e t e r ) , a n d i n c r e a s e s t o aBout 200 A at -35OC. At t e m p e r a t u r e s up t o 50°C, r o r e m a i n e d at about the r o o m -t e m p e r a t u r e value, w i t h i n e x p e r i m e n t a l e r r o r .
T h e f a c t that one c a n obtain r e a s o n a b l e v a l u e s f o r r suggests t h a t 0 the a s s u m p t i o n t h a t recombination is diffusion-limited is m o d e r a t e l y a c c u r a t e . T h e o b s e r v e d i n c r e a s e i n r at low t e m p e r a t u r e s m a y b e due t o a d e c r e a s e i n t h e r m a l s c a t t e r i n g . 0 2 . R e s u l t s with Sandwich C e l l s and Annealed S a m p l e s R o o m t e m p e r a t u r e photoconductivity d e c a y c u r v e s w e r e a l s o m e a s u r e d f o r sandwich-type c e l l s of m e t a l -f r e e phthalocyanine. T h e s e gave e s s e n t i a l l y t h e s a m e k i n e t i c s a s did t h e " s u r f a c e " c e l l s . In g e n e r a l , the sandwich c e l l s w e r e m o r e difficult t o p r e p a r e and had only about 1/100 a s good a s i g n a l -t o -n o i s e r a t i o a s t h e " s u r f a c e J ' c e l l s .
A c o m m o n method used t o i n d i c a t e the sign of t h e m a j o r i t y c h a r g e c a r r i e r i n a sandwich c e l l is t o m e a s u r e t h e magnitude of the p h o t o c u r r e n t a s a function of the p o l a r i t y of the i l l u m i n a t e d e l e c t r o d e . When t h i s w a s done f o r a s a n d w i c h c e l l of metal--free phthalocyanine, higher c u r r e n t s (about d o u b l e ) w e r e obtained when t h e i l l u m i n a t e d e l e c t r o d e w a s p o s i t i v e than when i t w a s negative. This i n d i c a t e s that holes a r e the m o r e m o b i c a r r i e r s , i n a g r e e m e n t with i n v e s t i g a t i o n s of other o r g a n i c c o m p o u n d s . 5q l 0 , l l M i c r o c r y s t a l l i n e (annealed) " s u r f a c e " c e l l s exhibit the s a m e photoc u r r e n t k i n e t i c behavior a s do t h e unannealed s a m p l e s . H c w e v e r , t h e annealed s a m p l e s exhibit a s m a l l e r c o n c e n t r a t i o n dependence of c a r r i e r mobility. It i s t o b e expected t h a t m o r e o r d e r e d s a m p l e s would contain fewer s c a t t e r i n g c e n t e r s and t h e r e f o r e p o s s e s s higher c a r r i e r m o b i l i t i e s . This i s c o n s i s t e n t with the fact t h a t h i g h e r p h o t o c u r r e n t s w e r e obtained with a n n e a l e d s a m p l e s than with unannealed s a m p l e s , under i d e n t i c a l conditions. T h u s , it would a p p e a r t h a t l a r g e r c a r r i e r -mobility c o n c e n t r a t i o n dependences a r e a s s o c i a t e d with lower c a r r i e r m o b i l i t i e s . It is planned t o investigate t h e m i c r o c r y s t a l l i n e s a m p l e s in m o r e d e t a i l i n t h e f u t u r e .
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